In bacteria, one primary and multiple alternative factors associate with the RNA polymerase core enzyme (E) to form holoenzymes (E) with different promoter recognition specificities. The alternative  factor RpoS/ S is produced in stationary phase and under stress conditions and reprograms global gene expression to promote bacterial survival. To date, the three-dimensional structure of a full-length free  factor remains elusive. The current model suggests that extensive interdomain contacts in a free  factor result in a compact conformation that masks the DNA-binding determinants of  explaining why a free 
INTRODUCTION
The ability to adapt quickly to variations of environmental conditions is crucial for the growth and survival of bacteria in their natural environments. One major strategy used by bacteria, to coordinate the expression of genes needed for an adaptive response, is to use alternative sigma () subunits of RNA polymerase (RNAP), allowing transcription initiation at different classes of promoters [1] [2] [3] . The factor associates with the catalytic core RNAP (E, α 2 ββ′ω) to guide the holoenzyme (E) through important steps of transcription initiation, including promoter recognition and opening. All bacteria have a housekeeping sigma factor, which is responsible for the transcription of the majority of cellular genes that are essential for viability, and one or more alternative sigmas that direct RNAP to specific sets of genes in response to environmental conditions. The alternative sigma factor  S /RpoS is expressed in stationary phase of growth or under stress conditions and is required for bacterial resistance to multiple stress and starvation conditions [4] [5] [6] [7] .
Bacterial  factors are classified into two structurally and functionally distinct families, named after the housekeeping  70 and nitrogen-stress  54 sigma factors of Escherichia coli [1, 3, 8] .  S belongs to the  70 family, whose members consist of up to four structurally conserved domains that are connected by flexible linkers ( 1.1 ,  2 ,  3 and  4 , Figure 1A ) [2] [3] [4] [5] 8] . The family is divided into four major phylogenetically and structurally distinct groups of  factors [3, 8] . All members of the four groups possess at least the  2 and  4 domains that include the major RNAP and promoter-binding determinants.  2 (regions 1.2 to 2.4) is the most conserved domain and binds the RNAP β' subunit coiled-coil and promoter -10 element, whereas  4 binds the RNAP β subunit flap and the promoter -35 element.  3 recognizes the extended -10 element of the promoter and is present only in  factor groups 1-3.  1.1 is only found in  factor group 1 and its sequence is poorly conserved, even though the presence of acidic amino-acids is preserved.
 70 belongs to group 1 that contains primary  factors, while  S belongs to group 2 that contains non-essential  that are structurally related to group 1 sigmas [8] . The extensive sequence conservation between  S and  70 in the DNA binding regions (Supplementary Figure S1A) is consistent with the finding that these two sigmas recognize similar promoter sequences [4] [5] [6] . The major differences in  S with respect to  70 are its shorter domain  1.1 and the lack of a non-conserved region (NCR) in  2 ( Figure 1A ) [3, 9] .
Free  factors are unable to efficiently recognize double stranded (ds) promoter DNA [2, 3, 9] . In the case of group 1 factors, it has been proposed that  1.1 auto-inhibits DNA binding [10] [11] [12] [13] . However, even in the absence of  1.1 , promoter recognition by  alone is 4 weak [12, 14, 15] and  factors that are naturally devoid of  1.1 also display a low DNA binding capacity [3, 9] . Three-dimensional structures have been solved for  factors in complexes with RNAP and anti factors, or for stable domains after  proteolysis, but there is no structure available for a full-length  factor in the absence of a binding partner [3, 9] . The E interaction seems to induce conformational changes of E and  leading toan active conformation of  in which the DNA binding determinants in  2 and  4 are exposed and appropriately spaced [14, 15] . Indeed, luminescence resonance energy transfer measurements (LRET) revealed that the distance between  2 and  4 is about 35 Å in free 
70
, a distance too small to allow for the simultaneous interaction of these regions with their corresponding promoter elements [15] . Upon binding of  70 to E, the distance between  2 and  4 was increased by 15 Å and there was a displacement of  1.1 of about 20 Å with respect to  2 [15] . In addition, the chemical reactivity of cysteines at several positions in 
showed that E binding increases solvent exposure of the DNA binding domains of  70 [14] . Figure 1A ). The  3 - 4 linker in  28 forms a bent tightly packed α-helix that is pivotal to maintain the closed structure of  28 through interactions with each of the other domains [16] . In contrast, the corresponding linker region ( 3.2 loop) is unstructured in E 70 [17] . Cross-linking experiments suggested that free  28 assumes a similar compact conformation as the one bound to FlgM [16, 18] . These findings led Sorenson et al. to propose that a helix-coil transition of the  3 - 4 linker of  28 occurs upon E binding and that this conformational change extends to all 
-family members [16, 18, 19] . However, since there is no structure available for E 28 and free 
, the folds of the  3 - 4 linker in the holoenzyme and of  3.2 in free  70 remains unknown.
Altogether, these results have led to the idea that the DNA binding determinants for all  70 family members are masked by inter-domain contacts in a compact free  conformation, even though the nature and strength of these contacts may differ between  factors [18, 19] .To investigate the validity of this hypothesis, we aimed to solve the solution conformation of  S from the human pathogen Salmonella enterica serovar Typhimurium (hereafter referred as Salmonella).  S is a widely studied  factor due to its key role in survival and general stress resistance of many Gram-negative bacteria and to the large size 5 of the set of genes it controls [4] [5] [6] 20, 21] . In Salmonella,  S contributes to virulence and biofilm formation [22] [23] [24] . Our earlier structural model of Salmonella  S , based on the crystal structures of E 70 [25] , is consistent with the recently released crystal structure of the DNA associated E. coli holoenzyme E S [26] . These studies show a structure and arrangement of  S in the RNAP holoenzyme similar to that of  70 . In particular, the  3.2 linker is unstructured in E S , as it is in E 70 [26] .
Here, we combined biophysical and computational techniques to probe the ensemble structure of  S in solution. We used analytical ultracentrifugation to calculate the hydrodynamic radius of free  S and hydrogen/deuterium exchange to evaluate the solvent accessibility and secondary structure of  S . Together with molecular dynamics simulations, the data reveal that free  S adopts a solvent exposed open conformation that is distinct from its RNAP-bound conformation. These findings are discussed in light of the structural rearrangements required to form a complex with RNAP and the unique regulation of  S activity by the Crl protein [27, 28] .
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MATERIALS AND METHODS
Protein production
The N-terminal (his) 6 -tagged  S and  S 1-162 from S. Typhimurium were produced in E. coli strain BL21 (DE3) harbouring plasmid derivatives of pETM11 and p-MCN-EAVNH, respectively (Supplementary Table S1 ). Production and purification of the proteins were carried out as previously described [28, 29] . Proteins with isotope labeling were produced by replacing rich culture medium by M9 medium supplemented with 1 g/L 
Molecular modeling
The open structural model of  S from Salmonella described in Monteil et al. [25] was used and is similar to the recently released structure of E. coli  S in E S [26] . The closed conformation of  S was initially generated using as a template the structure of  28 in the 
-
FlgM complex (PDB code 1RP3, [16] ). When the closed model was compared to the open conformation of  S , it appeared that region comprising residues 219 to 249 undergoes important conformational rearrangements and this region was therefore modelled using Phyre2 [30] . The other domains of  S were placed by superposition on the corresponding domains of 
28
. The complete built closed model of  S was then subjected to energy minimization with the NAMD2 program [31] using CHARMM27 force field. The system was minimized by 3000 steps of conjugate gradient minimization.
Analytical Ultracentrifugation (AUC) and Circular dichroism (CD)
Sedimentation velocity experiments were carried out at 20°C in an XL-I analytical ultracentrifuge (Beckman-Coulter) equipped with double UV and Rayleigh interference detection.  S samples (10-100 μM) were spun at 42,000 rpm using an An50Ti rotor with double-sector Epon centerpieces (3 mm, 12 mm). Absorbance and interference profiles were recorded every 6 min. All experiments were performed in 50 mM sodium-phosphate pH 8.0, 300 mM NaCl. Standard deviations were calculated from the analysis of the integrated peaks. The partial specific volume of  S (0.734 ml/g) was estimated from its amino acid sequence using the software Sednterp (available on-line http://sednterp.unh.edu/). The same software was used to estimate the buffer viscosity (η = 1.056 cP) and density (ρ = 1.0145 
Nuclear magnetic resonance (NMR) spectroscopy
NMR experiments were recorded on 600 and 800 MHz Bruker Avance III NMR spectrometers equipped with TCN cryoprobes. NMR data were processed using Topspin 3.2 (Bruker) and analyzed in CCPNMR [33] . 
Molecular Dynamics (MD) simulation
MD simulations were carried out at 300 K and 300 mM NaCl. For molecular dynamics, we used the crystal structure of  S in the holoenzyme (PDB 5IPL, [26] ). The protein structure was refined using the Protein Preparation Wizard (Maestro 10.4). Bond order and formal charges were assigned and hydrogen atoms were added. To further refine the structure, an OPLS3 force field parameter was used to alleviate steric clashes and the minimization was terminated when heavy atoms RMSD reached a maximum cutoff value of 0.30 Å.
Protonation states were assigned to residues according to the pKa based on pH = 7.0 using the Epik v3.4 module. Each structure was placed in a cubic cell, using DESMOND v 4.4
System Builder workflow, with size adjusted to maintain a minimum distance of 10 Å to the cell boundary, TIP3P water was added with an appropriate number of ions to establish 300 mM NaCl concentration. Simulations using the TIP4P water model equilibrated to the same end state. Molecular dynamic simulations were completed using DESMOND 4.4 package.
The equations of motion were integrated using the multistep RESPA integrator with an inner time step of 2.0 fs for bonded interactions and non-bonded interactions within the short range
cutoff. An outer time step of 6.0 fs was used for non-bonded interactions beyond the cutoff. Resulting structures were aligned with simulation starting frame using Schrodinger Maestro 11.2 Structure Alignment tool.
RESULTS
Free  S in solution does not adopt a closed conformation
We previously built a structural model for Salmonella  S based on the crystal structures of E 70 [25] ( Figure 1B ). This model is in agreement with the crystal structure of E.
coli  S -transcription initiation complex that was released during the completion of this work [26] . In the RNAP holoenzyme E S structure,  1.1 is not visible, but the structures of  S and  70 are similar from domain  1.2 to the C-terminus [26] and have an elongated shape, spacing  2 and  4 for interaction with the promoter regions [9, 26] . In stark contrast, the proposed structure of free  28 is compact, and the  3 - 4 linker forms a bent tightly packed α-helix that maintains the closed structure of  28 through interactions with each of the other domains [16, 18] . These observations led the authors to propose that a helix-coil transition of the  [26] remains speculative in the absence of a free  S structure.
To assess whether free  S adopts a compact conformation similar to that proposed for 
28
, we carried out AUC experiments at increasing  S concentrations and results were extrapolated to zero concentration. At concentrations higher than 20 µM, interactions between  S monomers resulted in the formation of dimers and low amounts of higher order species, as previously reported for other  factors [18, 34] . Therefore, the extrapolation was performed using only the first peak (see Figure 2A) influenced by both the solvent accessibility and the presence of secondary structural elements (i.e., hydrogen bonding) [35] [36] [37] [38] [39] . Amide hydrogens fully exposed to the solvent and located in unstructured parts of the protein exchange rapidly, while those present in secondary structural elements (i.e., -helices or -sheets) exchange at much slower rates due to hydrogen bonding. Therefore, backbone amide hydrogens represent excellent structural probes to monitor changes in protein structure, conformation and dynamics.
The presence of distinct stable  S conformers, such as open and closed species, could result in a difference in solvent accessibility observable on the time scale of our experiments, only if the interconversion rate of the conformers is slow compared to the intrinsic HDX rate. In such a scenario, the more open conformers (i.e., more solvent exposed) would incorporate more deuterium than the closed species, leading to a multimodal isotopic distribution of protein ions. On the contrary, if the interconversion is much faster than the H/D exchange, a unimodal pattern will be observed, as for a single conformer. When fulllength  S was exposed to deuterium under native conditions, a unique binomial isotopic pattern was observed for all exchange times ( Figure 3A) , which is more in favor of this second hypothesis. This result was further confirmed by performing peak width analysis of full-length  S ions [38, 40, 41] . In some cases, the measured MS signals of coexisting conformers might be too close to be resolved. Therefore, the observed isotopic pattern remains binomial but the width of the distribution undergoes detectable widening during the time course of the experiment [40] . As depicted in Figure 3B , the extracted peak width of the +44 charge state of  S did not experience any significant widening over the time course of the experiment, and remained centered around an average value of 77 ± 5 Da. This was also observed for other charge states (Supplementary Figure S2) . Altogether these data indicate that only one conformational state of  S , with respect to secondary structure and solvent accessibility, can be detected in solution by HDX-MS. We cannot exclude however the existence of  S conformers interconverting much faster than the H/D exchange.
 S adopts a solvent-exposed conformation with many regions of structural disorder
To further characterize the structure of free  S in solution, the full-length  S protein was exposed to deuterium, subsequently digested with pepsin, and kinetics of deuterium uptake of 34 (of 67) peptides covering 90.6% of the protein sequence were followed (Supplementary Figure S3) . The relative fractional uptake values calculated for each selected peptide were plotted as a function of peptide position ( Figure 4A ). An increase of deuterium uptake over time was observed in domains  2 (residues 72 to 164) and  4
(residues 256 to 316) only, confirming the presence of stable secondary structural elements ( Figure 4A; Supplementary Figure S4 ). In contrast, the  S peptides covering residues 1 to 71 ( that were not resolved in the crystal structure of E S [26] . In contrast to the solution structures of free  1.1 [42, 43] and of E 70 [17, 44] ,  1.1 in the free full-length  S factor does not appear to form a globular -helical domain.
In view of the differences observed between our HDX-MS data and the structure of several regions of  s in the E S complex, we decided to complement our HDX-MS approach using circular dichroism to assess the secondary structure of full-length  S and NMR spectroscopy to analyze the structure of a truncated version of  S comprising  1.1 and  2 ( S 1-162 ). The CD spectrum of full-length  S indicated that ca. 45% of the protein forms -helices ( Figure 2B ), a value lower than the 58% calculated for the  s crystal structure with STRIDE
13
(for this calculation, the first 52 missing residues of  S were included and considered as unstructured) [45] . The CD value agrees well with the amount of the protein sequence covered by peptides that reach full deuteration within the first time point ( Figure 4A ) and suggests that the high solvent accessibility observed in HDX-MS indeed stems from a high amount of non structured regions in  S . NMR provided insight into the structural heterogeneity of fragment also contains ca. 50 residues that are strongly protected from exchange with water, even at high temperature and high pH. This strongly suggests the presence of a stable protein core domain, which, by extrapolation, must be located in domain  2 .
Taken together, our HDX-MS, CD and NMR results are in favor of a stable and solvent-exposed conformation of free  S in solution, where the well-folded domains  2 and  4
are flanked by regions with high structural disorder ( 1.1 ,  1.2 and  3 ).
Free  S adopts a distinct conformation from that in the holoenzyme
The AUC data argue against a compact conformation of free  S like the one proposed for free 
28
. In combination with HDX, these experiments reveal that free  S is a solvent- Figure 5B). This movement might be involved in the conformational changes that  S undergoes upon E binding, as previously suggested [14, 15] .
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DISCUSSION
The lack of 3D structures of free  factors has led to speculations about their conformations. The knowledge of the actual conformation of free  is of great importance to understand (i) how  factors are regulated by their binding partners such as anti-sigmas, chaperones, proteases, (ii) why they bind the RNAP core enzyme E with variable affinities, and (iii) why they do not bind dsDNA in the absence of E. In E. coli and Salmonella,  S is a tightly regulated molecule, at the levels of transcription, translation, stability and activity [4] [5] [6] 27] . The last two regulatory steps likely involve conformational changes in  S . This study integrated a number of biophysical techniques that collectively show that free  S adopts a solvent-exposed open conformational state in solution and argue against the concept of a compact conformation of  similar to the one proposed for  28 [16, 18] . Moreover, our data indicate that the tertiary structure of free  S is distinct from the open conformation adopted by  S in complex with RNAP and pinpoint regions of  S that are disordered in free  S , while being folded into -helices in the crystal structure of the E S -DNA complex [26] .
The closed conformation of  28 is dependent on the ability of the  3 - 4 linker ( Figure   1 ) to fold into a -helix and to establish intramolecular interactions with the other domains of  28 [16, 18] . Our HDX data showed that this region is disordered in free  S (Figure 4 ), like in E-bound  S [26] . Nevertheless, these data also show that the conformation of free  in the E S -DNA crystal structure [26] . We suggest that E binding induces the folding or stabilizes these regions, or parts of them, providing a way to open and rearrange domains of  S to allow subsequent DNA binding Indeed, domain  3 has also been shown to participate in DNA binding in E. coli E S [26] . Thus, it is possible that the structural disorder observed in the N-terminal portion of domain  3 in the absence of RNAP also contributes to the lack of efficient dsDNA recognition of free  S .
 1.1 is proposed to limit the ability of free housekeeping  to bind dsDNA [10, 11, 13] .
Cross-linking studies performed on the Thermotoga maritima housekeeping ,  A , showed that regions  1.1 ,  2 and  4 are situated close in space [12] .  1.1 might stabilize a compact conformation of free housekeeping through electrostatic interactions between the negatively charged surface of  1.1 and the positively charged DNA binding regions of  2 and  4 [12] . However, the interactions observed by the cross-linking approach between  1.1 ,  2 and  4 in free housekeeping  are likely weak and transient [12, 13] and NMR spectra of  4.2 are not perturbed by  1.1 [10] . In housekeeping sigmas,  1.1 forms a globular -helical structural unit [12, 17, 43, 44] . In contrast, our HDX and NMR experiments with  S provide evidence for a lack of secondary structural content in  1.1 . Consistently, no secondary structure was predicted for residues 1-40 of  S , in contrast to  70 ( Supplementary Fig. S8 ).
As in housekeeping sigmas,  Figure S1B) . Moreover, -helical secondary structures were predicted for residues 1-40 of Shewanella S , in contrast to Salmonella  S (Supplementary Figure S8) . It would be interesting to determine whether the conformation of Shewanella  S in solution is similar to that of Salmonella  S or more compact, like in 
28
, potentially favoring CrsR binding.
In conclusion, we have provided evidence for a highly solvent exposed open conformation of free  S , well different from the compact conformation proposed for free 
.
Clearly further comparison of the conformations of free  factors is required to evaluate whether  factor groups adopt distinct solution structures and to come to a better understanding of the role of these conformations in the regulation of . However, it is tempting to speculate that the conformational diversity among  factors is adapted to the mechanism of regulation. 
